Human neuroimaging studies reported that spatial atIn daily life, attention is normally drawn to a specific tention produces preferential activation in the hemilocation in the visual field, followed almost immediately sphere contralateral to the attended target (Mangun et by a saccade to foveate that location. 
Presumably, many of these questions could be reto indicate (via button press) when the bar appeared at a horizontal orientation. Performance data (percent solved by using neuroimaging techniques in humans. Our approach here was to map spatial visual attention correct) was reported to the subject after each scan. Importantly, the stimulus was identical during all these in direct comparison to the cortical retinotopy. To maximize relevance to the previous literature, we adopted conditions. Full details of the attention task, and the retinotopic controls, are given in the Experimental Proa covert attention paradigm, using stimuli modeled after those used in previous ERP studies. To make the most cedures. revealing maps possible, we also used cortical flattening, improved retinotopic techniques, high-field (3T) imaging, and greatly expanded signal averaging.
Retinotopic Controls Our analysis of the spatially selective attention results depended on localizing the retinotopic projection of Results the bar targets, from a purely sensory perspective. In the first of these control experiments, we presented the The main attention task is shown in Figure 1 . It was designed to independently test the effects of (1) spatially flashing bar targets during passive viewing conditions and compared the resultant activity to the activity proselective attention, to each of four different locations, and (2) spatial attention, compared to passive viewing. duced while viewing the same stimulus without the bar targets (see Retinotopic Control Stimulus I in ExperiDuring different 16 s epochs, the subject viewed a stimulus in which four bars (one in each quadrant) were remental Procedures). An example from one subject is shown in Figures 2 and 3A . The peripheral flashing bars peatedly presented in a rapid "stream". Throughout the scan, the subject was required to maintain fixation on produced a pattern of activation, which was generally consistent with the geometry of the stimulus, relative to the central point and to either attend to the bars in a cued quadrant ("A-1," "A-2," "A-3," or "A-4," depending prior descriptions of the visual retinotopy. To test this relationship more precisely, we compared the activity on the location of the cued quadrant), or to passively view the same display ("PV" condition). During any of maps produced by the bar targets ( Figure 3A) to the overall maps of retinotopic eccentricity ( Figure 3B ) and the four "attend" conditions, the subject was required . In (C) and (D), sulci and gyri in the original folded brain are rendered in light and dark gray, respectively. MR signals that were significantly higher due to the flashing bars are coded in red-through-yellow pseudocolor. MR signals that were higher during the converse condition are coded in blue-through-cyan pseudocolor. In all retinotopic areas, the (yellow/red) activation produced by the bars was consistent with their retinotopic location at ‫5.01ف‬Њ-11Њ eccentricity (see also Figure 3A ). The (blue/cyan) "deactivation" was centered on the foveal representation (white asterisk). The borders of the major visual areas are labeled in (C) and (D). polar angle ( Figure 3C ) in the same subject. As precircle produced a much wider spread of activation in higher-order retinotopic areas such as V3A compared dicted, the activity map produced by the bar targets formed a chain-like pattern within the retinotopic areas.
to that in lower-tier areas such as V1 (Figure 11 of Tootell et al., 1997). Such differences in the "cortical point imThe long axis of this "chain" was centered on the isoeccentricity band at ‫5.01ف‬Њ-11Њ (within green pseudocolor, age" support the generality (from macaque) that receptive fields in human V3A are larger than those in V1. Figure 3B) , the eccentricity at which the bar targets were centered in the visual field ( Figure 1A) .
Here, the discrete bar targets produced a similar effect. The "chain" of isoeccentric activation produced by the The polar angle retinotopy also makes a specific prediction about the projection of the bar targets. Instead bar targets was relatively thin in areas V1, V2, and even V3/VP. However, it expanded greatly in areas V3A and of being uniformly thick and continuous as in the maps of isoeccentricity (Figure 3B ), the thickness of this isoec-V7 and to a lesser extent in V4v (see Figure 3A ). This and similar data suggest that receptive field size is quite centricity "chain" should wax and wane as it crosses the adjacent retinotopic areas. It should be thinnest at large in human areas V7 and V3A, medium sized in V4v, and smaller in V3/VP, V2, and V1. the representations of the vertical and horizontal meridians, and thickest at the representation of intermediate The convergent information in Figures 3A-3C revealed the exact retinotopic projection of each of the bar targets (‫54ف‬Њ oblique) polar angles-consistent with the location of the bar targets in the visual field. This variation used in our spatial attention experiment. Figure 3D shows this projection. Because activity in human MTϩ is in thickness should be most obvious in those areas with the most precise retinotopic map, especially V1 and, to lateralized (Tootell et Figure 3A) .
In a prior study, we showed that a thin isoeccentric rants were predicted to project to MTϩ. We also found a relative decrease in MR activity (blue other conditions (i.e., attention to the targets in each of through cyan) during the epochs containing the bar tarthe remaining three quadrants, plus the passive viewing gets (see Figure 3A) in V1, V2, V3/VP, etc. However, conditions). The subtraction condition here was deliberthis relative decrease did not occur in the retinotopic ately open minded; in subsequent analyses, we comrepresentations of the bar targets themselves. Instead, pare the more specific activity produced only by attenit occurred in the retinotopic representations of eccention to the different quadrants. tricities closer to the fovea than the targets. This and In general, the correspondence was quite good. Attensimilar foveal MR inhibitory effects are discussed in tion to a specific location in the visual field produced more detail below.
higher activity in the sensory representation of those same locations (see Figure 4 ). For instance, the retinotopic eccentricity of the attention-related activity was Spatially Selective Attention well centered on the "chain" of retinotopic eccentricity Our main hypothesis was that attention to a specific produced by the targets themselves. Also, the attention visual field location produces higher MR activity in the activity expanded dramatically in the higher-tier areas, retinotopically corresponding location of cortex, in at such as V3A and V7, just as the sensory-based retinoleast some visual areas. Here, we tested that hypothesis, topy did (cf. Figure 4C and Figure 3A ). This suggests analyzing results from our main attention experiment that the receptive field mechanisms underlying atten- (Figure 1) . Figure 4 is an overview of the activity protion-based maps are closely related to those in the senduced by attention to each of the four cued targets.
sory maps. Each comparison shows the significant differences in However, the correspondence between the predicted MR level during (1) attention to the target, indicated in the corresponding logo, minus (2) the average of all and obtained attention retinotopy was not perfect. For instance, at this statistical threshold, the attentionperformed the attention task, in the MR scanner. As shown in Figure 5 , such tests confirmed that subjects related activity vanished toward the calcarine fissure, where V1 is normally located (see Figure 4 and below). maintained stable fixation on the central point while directing their attention to the peripheral targets, as in On the other hand, the lateralized activity predicted (and found) in MTϩ also extended well beyond that area, into many prior covert attention studies. Figure 6 shows the activity produced in our main atthe undefined cortical regions surrounding it. Finally, there were additional small patches of higher MR intention paradigm in superior visual cortex. To reveal additional information, the format in Figure 6 differs from creases, which were not predicted by the retinotopy of the attended targets. In all panels of Figure 4 , such that in Figure 4 in several ways: (1) it is magnified, (2) the borders of visual areas are shown for comparison "extra" patches were consistently located in retinotopic extrastriate cortex at a representation near 0.5Њ eccen-(rather than the contiguous representations of upper or lower visual fields), and (3) we used a more selective tricity, exactly opposite to the representation of the attended quadrant (i.e., in the hemisphere ipsilateral to measure of spatial attention (attention to the cued quadrant, compared to activity in the nonattended quadrants, the attended target and in the "wrong" superior-inferior quadrant). We do not yet understand these "extra" disregarding activity in the "PV" epochs). As in Figure 4 , selective attention to the upper versus patches of increased MR signal.
Two types of evidence confirmed that the subjects lower visual field produced higher MR activity in the corresponding sensory representations of the upper and maintained adequate fixation during this covert attention task. First, the retinotopic fMRI patterns themselves lower visual fields. Figure 6 shows further that this occurred even within a single area-in this case, V3A. would have revealed any significant deviation from stable fixation. For instance, if the subjects had instead
The attention-related retinotopy was approximately as orderly as the retinotopy itself. For instance, if one looked directly at the stimulus (rather than at the fixation point), the activity maps would have shown high activity mentally adds the MR increases in the attention-related maps of the upper plus lower visual fields, one obtains in the representation of the fovea, rather than at 10.5Њ-11Њ eccentricity. No such artifacts were seen in attention an activity map almost indistinguishable from that produced by the (sensory-based) targets themselves, exmaps.
Nevertheless, to address this issue more specifically, cept in area V1. For example, if one adds the activity in Figures 6C and 6E , one gets approximately the map we measured eye movements in subjects while they shown in Figure 6G , in extrastriate cortex. Similarly, the attention-related maps also respected the horizontal meridian in V3A (black line) quite well, as revealed by extrastriate activity in Figure 6D plus Figure 6F is nearly equivalent to that in Figure 6H . This attention-related the maps of polar angle ( Figures 6A and 6B ). In some subjects, the attention-related activity spread into preactivity was specific for both the eccentricity and the polar angle dimensions of the sensory retinotopy. The sumptively lower-tier areas such as V3 and V2 (e.g., In our more sensitive retinotopic maps from humans, we do see a crude representation of (at least) the upper visual field, located immediately anterior to, and apparently mirror-symmetric with, the upper field representation in V3A ( Figures 6A, 6B, and 7A ). This retinotopic representation has not been described previously in human visual cortex. Since the most similar macaque area ("DP") has not been defined consensually, and since DP was given the lowest possible confidence rating even by Felleman and Van Essen (1991), we have given the human area a different name ("V7") rather than presume homology to macaque DP.
Our most crucial comparisons (e.g., Figure 1 ) were always acquired within the same scan session. However, these experiments required comparisons between many hours of scanning data-enough data so that it could not be acquired within a single scan session. Nevertheless, Figure 7 shows that even comparisons of data across different scan sessions are not a cause for concern. Maps of selective attention in V3A and V7 (calculated as in Figure 6 ) were nearly identical, even when they were acquired in entirely independent experiments, done months apart. Furthermore, both of those attention maps were nicely aligned with the map of polar angle Figure 12A) . Surprisingly, most of the significant activity in this comparison was relatively lower during confirmed a greater attention effect in higher-tier areas relative to V1. More precisely, a pairwise comparison spatial attention, compared to that occurring during passive viewing conditions. Though initially counterintuitive, of activation in the attend-to condition between visual areas (paired t test assuming unequal variance) showed this result is in fact perfectly compatible with the attention-related MR increases described above. a significant difference between area V1 and areas V3/ VP (p Ͻ 0.05), V3A/V7 (p Ͻ 0.05), V4v (p Ͻ 0.001), and It is easiest to understand these results when they are considered separately in two cortical subdivisions: V8 (p Ͻ 0.001). No other pairwise comparisons yielded significance beyond p Ͻ 0.1.
(1) regions that showed prominent MR increases in the above tests for retinotopy and lateralization and (2) re-V3/VP, in subjects who also were shown a uniform gray baseline condition in addition to the main attention paragions that did not. Included in the first set would be MTϩ and the extrastriate retinotopic areas (e.g., V3A, digm. Those results are shown in Figure 12B . The salient result is that attention to a given target in the (peripheral) V7, V8, V4v, etc.), centered at eccentricities near 10.5Њ-11Њ. The second set of cortical regions would include V1 visual field produced consistent MR decreases at the representation of more central eccentricities. Such MR and the extrastriate areas at eccentricities more central than that of the targets. effects represented decreases relative to the passive viewing epochs, when the visual stimulation was identiRecall that the first set of cortical regions showed these spatially selective MR increases only during one cal to that during the "attend" conditions. Furthermore, the MR levels during the attention task were even lower (or two, in the case of MTϩ) quadrant(s) of the four tested, and MR decreases also occurred when attention than MR levels when subjects viewed only a uniformly gray screen. An analogous t test of the data across was directed to other quadrants (e.g., Figures 9-11) . Thus, one would expect little net effect in the first set subjects (n ϭ 6) confirmed the decreased MR levels in central V1, V2, and V3/VP during spatial attention to of cortical regions when the results from all the "attend" conditions were combined together. This expectation is these peripheral targets (mean MR modulation ϭ 0.64%, p Ͻ 0.001). generally confirmed in Figure 12A : higher-tier extrastriate cortical regions at the retinotopic projection of the targets did show little net decrease in activity.
Instead, the prominent MR decreases were found Discussion throughout the second cortical subdivision (V1 and foveal extrastriate representations), which did not show
The comparisons between attention to one target versus attention to another showed very clear retinotopy, in the the pronounced MR increases in the selective attention comparisons described above. Thus, this data poses form of increased MR signals at the cortical sites to which the targets projected. The fact that MR signals no discrepancy relative to the attention-related MR increases described in Figures 4 and 6 Figures 4 and 6-9) . Such a finding retinotopic area, which we call "V7," located just anterior implies that spatial attention uses some of the same to V3A. V7 showed quite robust activity during the presreceptive field mechanisms as the sensory-based retient experiments on spatial attention (e.g., Figures 6, notopic map. However, it could be argued that the simi-7, and 9). V7 also appears to have been preferentially larity in attention-based versus sensory-based retinoactivated in a previous experiment on spatial attention topy is more fortuitous than fundamental, because there (Culham et al., 1998), although the retinotopic mapping is no common basis for equating the activity produced was less certain in that study. However, it should be in the two types of experiments. Though we cannot rule noted that area V7 responds to a wide range of different out this argument completely, we did not format our stimuli, as do most visual areas. data in any unusual or preconceived manner for either -based maps (e.g., Figures 4, 6 , prominent or widespread activation in parietal cortex and 7), which strongly supports the idea of common during spatial attention per se (i.e., relative to passive underlying receptive field substrates. viewing conditions; Figure 12A ). This discrepancy may On the face of it, our results supported the hierarchical be due to the fact that stimuli in previous studies were model of spatial attention processing, which predicts shifting or moving, whereas those in our study remained higher attentional activity in extrastriate cortical areas in the same spatial location throughout each analyzed compared to striate cortex. Selective attention was usuepoch. Thus, the lack of preferential activation in parietal ally absent in V1 in our activity maps (e.g., Figures 4 cortex here supports the original hypothesis that parietal and 6-8), and it was correspondingly smaller than that cortical activity is selective for shifts in spatial attention seen in extrastriate areas when our data was signal rather than activity due to spatial attention per se (Wurtz  averaged across Figures 3A, 4, and 12A ) are consistent with this interpretation.
General Procedures
Other evidence suggests that these decreases may The techniques used here were similar to those described elsewhere (Tootell et as incorrect. Performance on the task was monitored and calculated online. Feedback about performance accuracy (percent correct) was images) were obtained from a single subject, acquired across multiple scan sessions. Data from two subjects were not included in given to the subject after each scan, to boost motivation and improve performance. All subjects were motivated, experienced psythe quantitative analysis due to poor behavioral performance. For maximum comparability, most illustrations were taken from the two chophysical subjects who were well trained on the task prior to MR acquisition and were frequently reminded to maintain fixation on subjects from whom we acquired the most data (NH and JH). Directly related control scans of (1) phase-encoded retinotopy, (2) retinotopy the central point.
The task was designed to be difficult. With concentrated attention of the main bar target stimuli, and (3) maps of nonretinotopic visual areas such as MTϩ were also acquired from all subjects (65 addito a given location in the visual field, these subjects were typically able to achieve an accuracy of 70%-90% (chance performance ϭ tional scans, comprising 133,120 images). For comparison, similar visual area maps were also available from 42 additional subjects. Ͻ8%). According to subject reports, the orientation changes occurring at nonattended targets were not salient enough to distract Head motion was minimized by using bite bars with deep, individually molded dental impressions. These experiments were covered attention from the attended target. In additional scans, we presented stimuli designed to reveal the Subjects were instructed to steadily fixate the center of the stimulus retinotopic location of the bar targets themselves. In those control throughout each scan. Throughout each scan, four bars appeared, scans, subjects fixated the center of the flashing four-bar stimulus one in each of the quadrants surrounding the central fixation point in 16 s epochs (as in the "PV" condition in Figure 1C ) in alternation (see Figure 1A) . In each quadrant, each bar was presented for 100 with 16 s views of a uniform gray, excepting the fixation point. ms, followed by an interstimulus interval without a bar, followed by Subjects normally did two scans (4,096 images) of such stimuli in another bar presentation, and so on (see Figure 1B) . Each interstimueach scan session. lus interval (200-500 ms) was chosen according to an equally weighted, random schedule, constrained within 50 ms increments.
Retinotopic Control Stimuli II: Phase-Encoded Mapping In each presentation, the bar appeared at either vertical or horizontal To confirm the retinotopic location of the bar targets, and to reveal orientation, following a randomized schedule, with vertical orientathe location of the retinotopic visual areas, we also did phasetions appearing nine times more often than horizontal orientations. encoded retinotopic mapping in each subject, in additional scans. Importantly, the timing of the bar presentations was calculated indeTo map the (relatively crude) retinotopy in the most anterior areas pendently for each quadrant. The overall impression was a stream of human visual cortex, extensive signal averaging and several new of four bars, presented rapidly and concurrently but nonsynchroprocedures (described by Hadjikhani et al., 1998) were implemented. nously, at different orientations, in each quadrant.
The sum of all these manipulations produced very robust retinotopic Each bar was centered at an eccentricity of 10.5Њ-11Њ. The bars maps. were presented at this relatively peripheral eccentricity for several Since the retinotopic signal averaging required 1-2 hr of scanning, reasons. First, this moved the representations of the bar locations we usually acquired the retinotopic data in different scan sessions as far as possible from each other, in both the visual field and the than those in which the attention data was acquired. corresponding cortical maps. Second, this reduced the "blurring" Though these retinotopic control stimuli (I and II, above) are typical of retinotopic fMRI patterns caused by unavoidable minor eye moveof contemporary retinotopic mapping approaches, it could be arments (e.g., microsaccades) during otherwise stable fixation. Third, gued that such tests cannot fully exclude attention-related contribuaccording to subject reports, increasingly peripheral placement retions from exogenously driven spatial attention, driven by the spaduced the tendency to break fixation and look directly at the targets. tially varying stimuli. However, such arguments are less persuasive The bars were made relatively long (‫3ف‬Њ ϫ 0.4Њ) so that their orientaafter one has viewed a few cycles of these repetitive retinotopic tion could be spatially resolved at this eccentricity. stimuli. Furthermore, our main manipulations of attention (above) Each attention-related scan was comprised of 16 epochs, each manipulated endogenously driven spatial attention, without any 16 s long. In alternating epochs, subjects were cued to either attend stimulus differences between the different experimental conditions to a single, specified quadrant (condition "A" in Figure 1C ) or distribthat could produce artifacts due to exogenous attention. ute their attention passively but evenly over all four bars (condition "PV" in Figure 1C ). Within the "attend" conditions, the quadrantsto-be-attended were presented in random order.
Data Analysis
The visual areas analyzed here were: V1, V2, V3/VP, V3A, V4v, MTϩ, Subjects were cued to begin passive viewing ("PV") by having all bars appear blue during a single, synchronized presentation 100 V7, and V8. Areas V1, V2, and V3/VP have been described based on retinotopic criteria in many previous reports (e.g., Schneider et ms long. 
